Optic neuritis is one of the most common clinical manifestations of multiple sclerosis (MS), a chronic inflammatory disease of the CNS. High-dosage methylprednisolone treatment has been established as the standard therapy of acute inflammation of the optic nerve (ON). The rationale for corticosteroid treatment lies in the antiinflammatory and immunosuppressive properties of these drugs, as shown in experimental autoimmune encephalomyelitis (EAE), the animal model of MS. To investigate the influence of methylprednisolone therapy on the survival of retinal ganglion cells (RGCs), the neurons that form the axons of the ON, we used a rat model of myelin oligodendrocyte glycoprotein (MOG)-induced EAE. Optic neuritis was diagnosed by recording visual evoked potentials, and RGC function was monitored by measuring electroretinograms. Methylprednisolone treatment significantly increased RGC apoptosis during MOG-EAE. By Western blot analysis, we identified the underlying molecular mechanism: a suppression of mitogen-activated protein kinase (MAPK) phosphorylation, which is a key event in an endogenous neuroprotective pathway. The methylprednisolone-induced inhibition of MAPK phosphorylation was calcium dependent. Hence, we provide evidence for negative effects of steroid treatment on neuronal survival during chronic inflammatory autoimmune disease of the CNS, which should result in a reevaluation of the current therapy regimen.
Introduction
Glucocorticosteroid pulse therapy is the standard approach for exacerbations of chronic inflammatory autoimmune CNS diseases including acute optic neuritis (Brusaferri and Candelise, 2000) . Steroid treatment controls CNS inflammation by inducing T-cell apoptosis (Schmidt et al., 2000; Leussink et al., 2001) , modulating the expression of cytokines (Wandinger et al., 1998) or inhibiting leukocyte migration (Gelati et al., 2002) . According to the traditional understanding of steroid actions, glucocorticosteroids influence gene expression by interaction with intracellular receptors, which act as ligand-dependent transcription factors. This ligand-dependent modulation of transcription has been termed "genomic" steroid action (Falkenstein et al., 2000) and is sensitive to classical inhibitors of the cytosolic glucocorticoid receptor. For interaction with this receptor, low concentrations of steroids are sufficient, as achieved under low-dose corticosteroid treatment or by endogenous hormone production . From recent experimental data, it became evident that high-dose glucocorticosteroid treatment, as used in the therapy of neurological autoimmune disorders, results in effects distinct from genomic steroid action. These so-called "nongenomic," rapid steroid effects are mediated through interaction with biological membranes either via nonclassical membrane receptors or via a direct physicochemical interaction . It has been shown that nongenomic effects on cellular functions involve modulation of neurotransmission in the rat hippocampus in vivo (Venero and Borrell, 1999) or affect calcium influx into synaptic plasma membranes in vitro (Sze and Iqbal, 1994) . A nongenomic steroid-induced regulation of mitogenactivated protein kinases (MAPKs), an endogenous neuroprotective pathway, was demonstrated in a neuroblastoma cell line (Watters et al., 1997) , but the in vivo relevance of this effect remained unclear.
From the kinetics of lymphocyte cell death and the effectiveness of high glucocorticosteroid dosages, it has been concluded that the therapeutic induction of T-cell apoptosis during acute autoimmune CNS inflammation might also be a nongenomic phenomenon (Schmidt et al., 2000) . Apoptotic cell death induced by corticosteroids as an unwanted side effect of steroid treatment during chronic inflammatory diseases has been described for chondrocytes (Nakazawa et al., 2002) or epithelial cells (Dorscheid et al., 2001 ). The vulnerability of hippocampal neurons to glucocorticosteroid action has been classified as an exception when compared with other neuronal cell types (Almeida et al., 2000) , explained by the enriched density of glucocorticoid receptors in subregions of the hippocampus (De Kloet et al., 1998) .
Experimental autoimmune encephalomyelitis (EAE), the animal model of multiple sclerosis (MS), induced by immunization with recombinant rat myelin oligodendrocyte glycoprotein (rrMOG Igd ) affects the optic nerve in 80 -90% of female brown Norway (BN) rats Meyer et al., 2001) . In the present study, we investigated the effects of high-dosage methylprednisolone therapy on the survival and function of retinal ganglion cells (RGCs), the neurons that form the axons of the optic nerve (ON), in animals suffering from severe optic neuritis. Optic neuritis was diagnosed by recording visual evoked potentials (VEPs). RGC function was monitored by measuring electroretinograms (ERGs). Moreover, we studied the methylprednisolonedependent downstream signaling cascade that leads to inhibition of MAPK phosphorylation and neuronal apoptosis in vivo.
Materials and Methods
Rats. Female BN rats (8 -10 weeks of age) were used in all of the experiments. They were obtained from Charles River (Sulzfeld, Germany) and kept under environmentally controlled conditions without the presence of pathogens.
All of the experiments that involve animal use were performed in compliance with the relevant laws and institutional guidelines. These experiments have been approved by the local authorities of Braunschweig, Germany.
Immunogen. rrMOG Igd , corresponding to the N-terminal sequence of rat myelin oligodendrocyte glycoprotein (MOG) (amino acids 1-125), was expressed in Escherichia coli and purified to homogeneity by chelate chromatography . The purified protein in 6 M urea was then dialyzed against PBS to obtain a preparation that was stored at Ϫ20°C.
Induction and evaluation of EAE. The rats were anesthetized by inhalation of anesthesia with methoxyflurane (Metofane; Pitman-Moore, Mundelein, IL) and injected intradermally at the base of the tail with a total volume of 100 l of inoculum containing 50 g of rrMOG Igd in saline emulsified (1:1) with complete Freund's adjuvant (CFA) (Sigma, St. Louis, MO) containing 200 g of heat-inactivated Mycobacterium tuberculosis (strain H 37 RA; Difco, Detroit, MI). Rats were scored for clinical signs of EAE and weighed daily. The signs were scored as follows: grade 1, tail weakness or tail paralysis; grade 2, hindleg paraparesis or hemiparesis; grade 3, hindleg paralysis or hemiparalysis; and grade 4, complete paralysis (tetraplegy), moribund state, or death (data not shown).
Retrograde labeling of RGCs. Two weeks before immunization was done, adult BN rats were anesthetized with intraperitoneal chloral hydrate (0.42 mg/kg of body weight), the skin was incised mediosagitally, and holes were drilled into the skull above each superior colliculus (6.8 mm dorsal and 2 mm lateral from bregma). We injected stereotactically 2 l of the fluorescent dye Fluorogold (FG) (5% in normal saline; Fluorochrome, Englewood, CO) into both superior colliculi.
Electrophysiological recordings. The rats were anesthetized by intraperitoneal injection of 10% ketamine (0.65 ml/kg; Atarost, Twistringen, Germany) together with 2% xylazine (0.35 ml/kg; Albrecht, Aulendorf, Germany) and mounted on a stereotaxic device. During the experiment, body temperature was maintained between 35 and 37°C with a heating pad, and the electrocardiogram was continuously monitored on an oscilloscope. For recording of VEPs from the primary visual cortex, two gold-screw electrodes with a tip diameter of 1 mm were placed 3-4 mm lateral to the interhemispheric fissure and 1 mm frontal to the lambda fissure. Reference electrodes were placed 1 mm lateral to the midline and 1 mm before bregma. The ERG was recorded with chlorinated silver-ball electrodes as described previously . Visual stimuli were presented on a 17 inch monitor (Acer View 76i) positioned 20 cm in front of the eye. The display was centered in a position ϳ40°medially from the pupil axis. Light flashes of 20 sec duration were used at a rate of 1 Hz, and bar stimulation consisted of vertical gratings of variable spatial frequency, alternating in phase with a temporal frequency of 1.8 Hz at 66% Michelson contrast (constant mean luminance, 15 cd/m 2 ). Signals were amplified 10,000-fold and bandpass filtered between 0.1 and 100 Hz, and 128 events were averaged to improve the signal-to-noise ratio. Amplitudes of pattern ERG and pattern VEP were determined as described previously ). Assessment of visual acuity was also described previously . VEP and ERG measurements were performed at clinical onset of the disease before the first dose of methylprednisolone or placebo was given. To monitor the disease course and to investigate the therapeutic effects of methylprednisolone, a second measurement of VEPs and ERGs was done on day 8 of the disease.
Treatment of animals. Animals were treated with intraperitoneal injections of methylprednisolone (20 mg/kg; Urbason; Hoechst Marion Roussel, Frankfurt/Main, Germany) or vehicle (0.9% NaCl) on days 1-3 or 4 -6 of the disease. Other animal groups received intraperitoneal injections of mifepristone (RU 486) (10 mg/kg; Biomol Research Laboratories, Plymouth Meeting, PA) alone, or together with methylprednisolone, or intravitreal injections of cobalt chloride (CoCl 2 ) (2 l of a 100 mM solution; Sigma) alone, or together with intraperitoneally given methylprednisolone on days 1-3 of the disease. To inhibit the activation of MAPKs, an additional animal group was treated with the intravitreally applied MAPK kinase (MEK) inhibitor 2Ј-amino-3Ј-methoxyflavone (PD 98059) (2 l of a 20 mM solution; Calbiochem, San Diego, CA).
Quantification of RGC density. At the end of the second recording session, the rats received an overdose of chloral hydrate and were perfused via the aorta with 4% paraformaldehyde in PBS. The brain, the optic nerves, and both eyes were removed, and the retinas were dissected and flat-mounted on glass slides. They were examined by fluorescence microscopy (Axiophot 2; Zeiss, Göttingen, Germany) using an UV filter (365-397 nm), and RGC densities were determined by counting labeled cells in three areas (62,500 m 2 ) per retinal quadrant at three different eccentricities of one-sixth, three-sixths, and five-sixths of the retinal radius. Cell counts were performed by two independent investigators following a blind protocol. Statistical significance was assessed using oneway ANOVA followed by Duncan's test.
Immunohistochemistry. Immunostaining was performed with cryostat sections (18 m thick) of retinas that were prepared 6 hr after the last application of methylprednisolone or normal saline. DNA fragmentation of cells undergoing apoptosis was analyzed by the terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) method. Sections were incubated with 50 U of terminal transferase and 1 mM biotin-dUTP in the presence of 1.5 mM CoCl 2 , 0.2 M K ϩ -cacodylate, and 25 mg/ml bovine serum albumin for 90 min at 37°C. Incorporated biotinylated nucleotides were detected by incubation with fluorescein isothiocyanate-conjugated streptavidin and examined by fluorescence microscopy. TUNEL-positive RGCs were counted by two independent investigators following a blind protocol. For each treatment group, eight retinal sections comparable in size and location were processed. Statistical significance was assessed using Student's t test.
Histopathology. Histological evaluation was performed on paraformaldehyde-fixed, paraffin-embedded sections of brains and spinal cords. Paraffin sections were stained with hematoxylin-eosin, Luxol fast blue, and Bielschowsky silver impregnation to assess inflammation, demyelination, and axonal pathology, respectively, as described previously ) (data not shown). In adjacent serial sections, immunohistochemistry was performed with ED1 antibody (Serotec, Oxford, UK) against macrophage-activated microglia. Bound primary antibody was detected with a biotin-avidin technique. Control sections were incubated in the absence of primary antibody . The investigators who processed tissue sections and diagnosed optic neuritis were blinded to the electrophysiological and immunohistochemical results of the study.
Western blotting. The Western blot analysis was performed as described previously ). After incubation with the primary antibody against phospho-Akt [New England Biolabs, Schwalbach, Germany; 1:1000 in 1% skim milk in 0.1% Tween 20 in PBS (PBS-T)], membranes were washed in PBS-T and incubated with HRP-conjugated secondary antibodies against rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA; 1:2000 in PBS-T). Labeled proteins were detected using the ECL-plus reagent (Amersham Biosciences, Arlington Heights, IL).
For Western blot analysis of B-cell lymphoma-2 (Bcl-2) levels, the primary antibody (sc-7382; Santa Cruz Biotechnology) was diluted 1:200 in 5% skim milk in PBS-T; for protein detection, an HRP-conjugated secondary antibody against mouse IgG was used (Santa Cruz Biotechnology; 1:2000 in 1% skim milk in PBS-T).
p44 -p42 MAPK protein levels were detected using a primary antibody (sc-93-G; Santa Cruz Biotechnology) diluted 1:500 in 1% skim milk in PBS-T, and an HRP-conjugated secondary antibody against goat IgG (Santa Cruz Biotechnology; 1:3000 in PBS-T).
For Western blot analysis of phospho-p44 -phospho-p42 MAPK levels, the primary antibody (Thr 180 /Tyr 182 ; New England Biolabs) was diluted 1:200 in 1% skim milk in PBS-T; for protein detection, an HRPconjugated secondary antibody against rabbit IgG was used (Santa Cruz Biotechnology; 1:3000 in PBS-T).
Nitric oxide synthase (NOS)1 protein levels were detected using a primary antibody (sc-648; Santa Cruz Biotechnology), diluted 1:200 in 5% skim milk in PBS-T, and an HRP-conjugated secondary antibody against rabbit IgG (Santa Cruz Biotechnology; 1:2000 in 1% skim milk in PBS-T).
Results

Methylprednisolone treatment does not improve visual function in rats with severe optic neuritis
To study the influence of high-dose corticosteroid therapy on the survival and function of RGCs during acute optic neuritis, we used a rat model of MOG-induced EAE. Disease onset was at day 15.7 Ϯ 2.1 postimmunization (mean Ϯ SEM). The function of the optic system was investigated by VEP and ERG recordings in response to flash and pattern stimuli. Flash VEP experiments were performed to test axonal signaling of the ON corresponding to the animal's ability to discriminate between light and dark. Pattern VEP and ERG stimuli were used to estimate the animal's visual acuity. Pattern ERG is a specific electrophysiological marker for RGC function, whereas flash ERG represents the function of all of the electrically active cells in the retina . Figure 1a gives an example of normal VEP potentials in response to repetitive flash stimuli, whereas Figure 1b shows recordings in an animal with histopathologically proven optic neuritis. Recently, we demonstrated that healthy control CFAimmunized rats have visual acuity values of 1.31 Ϯ 0.16 cycles/°d etermined by pattern VEP recordings and 1.10 Ϯ 0.13 cycles/°in the pattern ERG measurements . In the present treatment study, only rats with absent VEP responses to flash and pattern stimulation at day 1 of the disease, indicating severe optic neuritis, were included (Table 1) . Each eye was measured separately. Most of the animals (11 of 16 tested eyes) showed clear responses to flash ERG stimulation, demonstrating intact function of the entire retina. None of the animals showed a response to ERG pattern stimulation at day 1 of the disease when the first electrophysiological assessment was performed (Table  1) .
To investigate the effects of high-dose methylprednisolone treatment on electrophysiological functions of the optic system, animals were given methylprednisolone intraperitoneally on days 1-3 or 4-6 of the disease. Each group consisted of eight tested eyes. The dosage of 20 mg/kg of body weight was comparable with the one administered during methylprednisolone pulse therapy of patients with MS (Beck et al., 1992) . On day 8 of the disease, when the second electrophysiological assessment was performed, only two of eight tested eyes in the early treatment group and none of the eight eyes in the late treatment group regained a response to flash VEP stimulation. No VEP response to pattern stimulation was detectable in both of the groups after methylprednisolone treatment. These results were comparable with those of the control groups of animals with severe optic neuritis and same electrophysiological inclusion criteria (absent VEP response to flash and pattern stimulation at disease manifestation) (Table 1) . These control animals were treated with intraperitoneally given injections of physiological salt solution on days 1-3 or 4-6 of the disease and received the second electrophysiological assessment on day 8 of EAE. In the early-treatment control group, three of eight tested eyes and in the late-treatment control group, two of eight tested eyes regained a potential in response to flash VEP stimulation. None of the eyes showed a VEP response to pattern stimulation after vehicle treatment (Table 1).
Analysis of ERG recordings revealed that methylprednisolone treatment did not improve this electrophysiological parameter either. Only one of eight eyes in the early-treatment group and none of the tested eyes in the late-treatment group regained a 1-3) . Note the predominance of cells with irregularly sized and ramificated dendritic processes corresponding to microglia (arrow). f, Only very few FG-labeled remaining RGCs (arrow) are detectable after treatment with methylprednisolone on days 4 -6 of the disease. Again, a representative whole-mount area at three-sixths retinal radius from day 8 of EAE is shown. Scale bar, 100 m.
response to large-pattern stimulation (three alternating bars) ( Table 1) . These results did not differ from those of the control animals: None of the eight tested eyes in each group responded to large-pattern ERG stimulation during the second electrophysiological assessment performed on day 8 of the disease (Table 1) .
Treatment with methylprednisolone decreases the number of surviving RGCs
In control retinas of healthy CFA-immunized rats, mean RGC density was 2730 Ϯ 145 cells/mm 2 (mean Ϯ SEM; n ϭ 9) (Figs.  1c, 2a) , as determined by retrograde labeling with FG from both superior colliculi. Recently, we showed that, during MOG-EAE, a significant reduction of RGC density occurs, and that this early neuronal cell death shows the morphological and intracellular characteristics of apoptosis such as DNA degradation and caspase-3 activation ). On the basis of our above-given electrophysiological results, showing no detectable functional benefit after high-dose methylprednisolone therapy, we here investigated steroid effects on RGC survival. On day 8 of the disease, both methylprednisolone treatment groups showed a significant reduction of RGC density when compared with vehicle-treated animals. Cell counts of the early methylprednisolone treated group were in the range of 430 Ϯ 58 cells/mm 2 (n ϭ 8; p Ͻ 0.05) (Figs. 1e, 2a-c) , whereas vehicle treatment resulted in a survival of 775 Ϯ 112 RGCs/mm 2 (n ϭ 8) (Figs. 1d,  2b) . The methylprednisolone group treated on days 4 -6 after onset of clinical symptoms showed an RGC reduction to 298 Ϯ 35 cells/mm 2 (n ϭ 10; p Ͻ 0.05) (Figs. 1f, 2a ) compared with 741 Ϯ 98 cells (n ϭ 8) of the corresponding control group. In both methylprednisolone-treated groups, the amount of TUNEL-positive RGCs was significantly increased when compared with the vehicle-treated animals. The mean density of TUNEL-positive RGCs in the early methylprednisolone treatment group was 8.9 Ϯ 1.2 cells/section (n ϭ 8; mean Ϯ SEM; p Ͻ 0.05) compared with 4.1 Ϯ 0.9 TUNEL-positive RGCs/section of the corresponding control group (n ϭ 8). The animal group that received methylprednisolone from days 4 -6 of the disease showed 7.5 Ϯ 1.7 TUNEL-positive RGCs/section versus 3.6 Ϯ 0.5 cells of the vehicle-treated control group (n ϭ 8 in each group; p Ͻ 0.05). TUNEL-positive RGCs were assessed 6 hr after the last application of methylprednisolone or vehicle. 
Methylprednisolone-induced reduction of RGC survival is mediated through a nongenomic mechanism
To test whether the proapoptotic effects of methylprednisolone were mediated through a genomic or nongenomic mechanism, animals were treated with a combination of methylprednisolone (20 mg/kg of body weight) and RU 486 (10 mg/kg of body weight), a competitive antagonist of the cytosolic glucocorticoid receptor (Cadepond et al., 1997) . On day 8 of the disease, RGC counts under this combined therapy administered intraperitoneally on days 1-3 (n ϭ 6) were similar to those achieved under treatment with methylprednisolone alone (390 Ϯ 39 vs 430 Ϯ 58 cells/mm 2 ) (Fig. 2b) , indicating that methylprednisolone acts independent of the activation of the cytosolic glucocorticoid receptor. RU 486 alone (n ϭ 6) had no effect on the survival of RGCs when compared with vehicle treatment (847 Ϯ 19 vs 775 Ϯ 112 RGCs/mm 2 ; day 8 of the disease) (Fig. 2b) .
Methylprednisolone does not induce RGC apoptosis in healthy animals
To test whether EAE is a precondition for steroid-induced RGC death, healthy FG-labeled rats were treated with intraperitoneally given methylprednisolone on days 1-3 in the same concentration as used in EAE animals (20 mg/kg of body weight). On day 14 of the experiment, methylprednisolone-treated retinas showed cell counts of 2655 Ϯ 59 RGCs/mm 2 (n ϭ 8; mean Ϯ SEM) (Fig. 2a) , which did not differ significantly from control counts of healthy animals treated with physiological salt solution (2730 Ϯ 145 RGCs/mm 2 ) (Fig. 2a) .
Methylprednisolone inhibits MAPK phosphorylation
To further investigate the mechanisms of methylprednisoloneaugmented RGC death, Western blot analysis of potentially involved signal transduction proteins were performed. Previous studies in non-neuronal tissue suggest a possible role for MAPK phosphorylation, the Akt pathway, or NOS activity in steroidrelated signal transduction (for review, see Falkenstein et al., 2000) . An involvement of the Bcl-2 family of proteins in glucocorticoid-induced apoptosis has been postulated in a study on hippocampal granule cells (Almeida et al., 2000) .
Western blot analysis of retinas was performed under methylprednisolone therapy after early (days 1-3 of the disease) and late (days 4 -6 of the disease) steroid administration (20 mg/kg of body weight; n ϭ 4 for each group). In each group, protein lysates were prepared 6 hr after the third methylprednisolone dosage was (obtained on days 1 and 8 of MOG-EAE) before and after treatment with high-dose methylprednisolone (given on days 1-3 given. Protein levels of NOS1, phospho-Akt, and Bcl-2 were comparable with those under vehicle treatment with physiological salt solution (Fig. 4a) . Analysis of phospho-p44 and phospho-p42 MAPK under steroid therapy revealed a strong downregulation of phospho-p42 MAPK, whereas levels of the unphosphorylated form of both proteins were unchanged (Fig. 4a) .
Treatment with an inhibitor of MAPK phosphorylation mimics the effects of methylprednisolone on RGC survival
To test whether the methylprednisolone-induced downregulation of phospho-MAPKs is functionally relevant for the decrease of RGC survival in EAE animals, rats were treated with PD 98059. PD 98059 is a selective and cell-permeable inhibitor of the single upstream kinase MEK, which in turn phosphorylates and thereby activates MAPKs (Kültz et al., 1998) . PD 98059 was given intravitreally on days 1-3 of the disease (2 l of a 20 mM solution; n ϭ 6), and its efficiency was verified by Western blot analysis (Fig.  4b) . According to the methylprednisolone treatment protocol, RGC densities were analyzed on day 8 of the disease. Treatment with PD 98059 decreased the number of surviving RGCs to a similar extent as did methylprednisolone therapy (370 Ϯ 70 vs 430 Ϯ 58 RGCs/mm 2 ; mean Ϯ SEM) (Fig. 2c) . Intravitreal application of vehicle on days 1-3 of EAE (n ϭ 6) had no effect on surviving RGCs (755 Ϯ 58 RGCs/mm 2 ) (Fig. 2c) when compared with the intraperitoneally treated control group (775 Ϯ 112 RGCs/mm 2 ; n ϭ 8) (Fig. 2b) .
Methylprednisolone-induced enhancement of RGC degeneration depends on calcium influx through voltagegated calcium channels
To investigate the involvement of steroid-induced calcium influx in our model, we treated rats with a combination of intraperitoneally given methylprednisolone and intravitreal injections of CoCl 2 (2 l of a 10 mM solution on days 1-3 of EAE; n ϭ 6), a nonselective blocker of voltage-gated calcium channels (Schenberg et al., 2000) . This combined treatment completely abolished the methylprednisolone-induced enhancement of RGC apoptosis (812 Ϯ 26 vs 755 Ϯ 58 RGCs/mm 2 for vehicle treatment) (Fig.  2c) , whereas cell counts at day 8 of MOG-EAE under treatment with CoCl 2 alone did not differ significantly from controls (769 Ϯ Figure 2 . Methylprednisolone decreases RGC survival by a nongenomic, calcium-dependent mechanism. a, Data are given as the mean Ϯ SEM of retrogradely labeled RGCs per square millimeter. The left bar shows RGC counts of control animals immunized with CFA (control) (n ϭ 9). No significant reduction of RGC density was detected in animals with manifest EAE but without optic nerve affection (EAE, no ON) (n ϭ 10). Animals with manifest optic neuritis showed a significant decrease in RGC counts on day 8 of EAE when compared with controls (EAE ϩ ON) (n ϭ 8). An additional significant reduction of RGC density was observed after treatment with methylprednisolone (mpred) on days 1-3 (n ϭ 8) or days 4 -6 (n ϭ 10) of EAE. Methylprednisolone did not induce RGC death in healthy animals 14 d after treatment (healthy ϩ mpred) (n ϭ 8). * , **Statistically significant when compared with controls (*p Ͻ 0.05; **p Ͻ 0.01; one-way ANOVA followed by Duncan's test). b, The left bar shows RGC counts on day 8 of MOG-EAE after vehicle treatment with PBS given intraperitoneally on days 1-3 of the disease (EAE veh) (n ϭ 8). Combined treatment with RU 468 and methylprednisolone on days 1-3 of EAE (mpred ϩ RU) (n ϭ 6) did not show any difference in RGC counts when compared with methylprednisolone treatment alone. The right bar gives RGC counts after monotherapy with RU 468 (RU) (n ϭ 6). *Statistically significant when compared with EAE veh ( p Ͻ 0.05; oneway ANOVA followed by Duncan's test). c, RGC counts on day 8 of EAE after intravitreal application of vehicle (EAE veh) (n ϭ 6) are shown as left bar. Intravitreal injections of PD 98059 (PD) (days 1-3 of EAE; n ϭ 6) resulted in a similar reduction of RGC density when compared with methylprednisolone treatment. Combined treatment of intraperitoneally given methylprednisolone and intravitreal application of CoCl 2 (mpred ϩ CoCl) (days 1-3 of EAE; n ϭ 6) abolished methylprednisolone-induced decrease in RGC density. The right bar shows RGC counts after treatment with CoCl 2 alone (n ϭ 6). *Statistically significant when compared with EAE veh ( p Ͻ 0.05; one-way ANOVA followed by Duncan's test). 46 vs 755 Ϯ 58 for vehicle treatment) (Fig. 2c) . The fact that the combined treatment with methylprednisolone and a blocker of voltage-gated calcium channels re-increased RGC counts to control levels raised the hypothesis of a cascade-like order of methylprednisolone-induced calcium influx and inhibition of the MAPK pathway. This was confirmed by Western blot analysis of retinas after cotreatment with methylprednisolone and CoCl 2 , which showed equal amounts of phosphorylated MAPK protein when compared with vehicle-treated controls (Fig. 4c) .
Discussion
Recently, we demonstrated that severe optic neuritis in animals suffering from MOG-EAE leads to early apoptotic cell death of RGCs ). In the present study, we investigated the influence of high-dose methylprednisolone treatment, the standard therapy of acute autoimmune optic nerve inflammation (Kaufman et al., 2000) , on survival and function of the neurons that form the axons of the ON. As revealed by VEP and ERG recordings, methylprednisolone therapy did not improve visual functions in animals with electrophysiologically diagnosed severe optic neuritis. In accordance with these functional data, steroid therapy aggravated RGC apoptosis when compared with placebo-treated animals. The mechanisms of these serious unwanted steroid side effects were identified as nongenomic. In a relevant disease model of autoimmune CNS inflammation, we show for the first time that glucocorticosteroid treatment promotes neuronal cell death by a calcium-dependent inhibition of MAPK phosphorylation, a pathway involved in endogenous cell rescue.
The presented data seem to contradict recent reports of protective effects of methylprednisolone pulse therapy against whole-brain atrophy and the development of magnetic resonance imaging (MRI)-T1 black holes in MS patients (Zivadinov et al., 2001) . However, treatment studies providing evidence for beneficial effects of corticosteroids were predominantly performed on patients with relapsing-remitting MS. The corticosteroid-induced enhancement of neuronal apoptosis as well as the lack of functional benefit after methylprednisolone therapy probably depend on the subtype of EAE or MS pathology. The pathogenesis of MOG-induced EAE involves the production of autoantibodies against myelin or axonal components (Stefferl et al., 1999) and early axonal and neuronal damage . Disease course of MOG-EAE in our model was chronic over evaluation periods of up to 21 d after disease onset, and 80% of animals showed the histopathological pattern of neuromyelitis optica (data not shown). Comparing these aspects with those of the human disease, primary progressive MS (PPMS), the clinical MS subtype that barely responds to antiinflammatory and immunosuppressive treatment (Hohol et al., 1999) , shows similarities in pathogenesis, pathology, and clinical appearance: As a consequence of axon degeneration and neuronal degeneration, atrophy appears to be most prominent in PPMS and often includes the spinal cord (Fox et al., 2000) . Levels of autoantibodies were found to be higher in PPMS than in other MS subgroups (Sadatipour et al., 1998; Silber et al., 2002) . As an additional support of the hypothesis of subgroup-specific glucocorticoid effects, methylprednisolone did not limit ongoing lesion lengthening or improve final visual outcome in patients with a progressive form of MRI-documented ON lesions triggered by an episode of acute optic neuritis (Kapoor et al., 1998) .
In the present study, proapoptotic methylprednisolone effects on RGCs were mediated through a nongenomic mechanism, which can be concluded from the inability of RU 486, the classical inhibitor of the cytosolic glucocorticoid receptor (Cadepond et al., 1997) , to inhibit these actions. In previous in vivo studies in rats, it has been shown that intraperitoneal delivery of RU 486 in similar concentrations as used in our experimental paradigm inhibited genomic glucocorticosteroid actions (Tjandra et al., 1996) . If RU 486 was administered simultaneously with the agonist, glucocorticosteroid receptor blockade was complete because of the high receptor affinity of the steroid analog (Alexandrova, 1992) . Our observation that RU 486 alone did not change RGC counts when compared with control animals showed that endogenous glucocorticosteroids produced in concentrations not sufficient for nongenomic actions had no influence on RGC survival. The effectiveness of an exogenous high-dose steroid regimen in our model can be interpreted as an additional indirect indication for nongenomic methylprednisolone effects. Non- genomic effects have only been described for drug concentrations far greater than the ones necessary for classical receptor saturation (Buttgereit et al., 1999) . In a study comparing the effects of different glucocorticoids on rat thymocytes, it has been shown that especially methylprednisolone has a high drug potency for nonspecific nongenomic effects, such as modifying calcium cycling across the plasma membrane and thereby changing intracellular free calcium concentrations (Buttgereit et al., 1999) . In the present study, cotreatment with methylprednisolone and CoCl 2 revealed the functional relevance of methylprednisoloneinduced calcium influx for the suppression of MAPK phosphorylation and consecutive RGC apoptosis. Influences of intracellular calcium concentrations on phosphorylation or inactivation of MAPKs have been demonstrated for different cell types such as PC12 cells, neurons, or fibroblasts. Whereas an increase of intracellular calcium can activate MAPKs in many cells, for some cell types, opposite effects of calcium-calmodulin signaling on the activation of the MAPK pathway have been described (Agell et al., 2002) .
Intracellular cascades involving MAPK phosphorylation play a crucial role in the transduction of a neurotrophic signal from the cell surface to the nucleus and are implicated in neuronal survival (Yamada et al., 2001) . In different neuronal cell types, phospho-MAPK levels are increased during exposure to chronic stress, brain injury, or development of neurodegenerative diseases (Ferrer et al., 2001; Dash et al., 2002; Trentani et al., 2002) . In our experimental setting, proapoptotic methylprednisolone effects were mimicked by PD 98059, a selective MEK inhibitor, indicating the functional significance of this step of the steroiddependent signal transduction cascade as well. In a previous study, it has been shown that pharmacological suppression of MAPK phosphorylation via inhibition of MEK reduced neuronal survival by mechanisms such as decreasing the ability to phosphorylate and thereby inactivating the proapoptotic protein Bad (Jin et al., 2002) . Methylprednisolone exerts proapoptotic effects on RGCs by inhibiting a neuroprotective pathway that acts as a common endogenous rescue mechanism under neurodegenerative conditions. Thus, the neurodegenerative aspect of MS pathology seems to be an imperative preconditional factor for serious unwanted side effects of corticosteroid treatment. This theory was supported by our observation that healthy BN rats treated with methylprednisolone did not show any decrease in the number of surviving RGCs. Whereas glucocorticoid-induced neurodegeneration of formerly healthy neurons is regarded as specific to the hippocampus (De Kloet et al., 1998; Almeida et al., 2000) , it has been shown that these drugs increase acute ischemic damage to the neocortex in rats (Tsubota et al., 1999) or augment effects of excitotoxic exposure on rat forebrain neurons (Supko and Johnston, 1994) . From these results, it can be concluded that glucocorticosteroids endanger neurons, which are resistant against steroid toxicity under physiological conditions, by enhancing their vulnerability to different neurodegenerative stimuli. As a clinical parallel supporting this hypothesis, it has been shown that patients with Alzheimer's or Parkinson's disease exhibit significantly higher plasma cortisol concentrations compared with those of healthy individuals (Hartmann et al., 1997; Weiner et al., 1997) , and these increased glucocorticoid levels correlate well with brain atrophy and progressive mental deterioration (De Leon et al., 1988) .
In summary, we present evidence for an exacerbation of neuronal apoptosis under methylprednisolone treatment in an animal model that especially reflects neurodegenerative aspects of MS. The data presented suggest that there may be subgroups of patients with chronic inflammatory autoimmune CNS disease who are endangered by unwanted side effects of high-dose methylprednisolone therapy that could promote ongoing neuronal degeneration. Furthermore, these results suggest that combination therapies targeting both inflammatory and neurodegenerative aspects of MS need to be developed in the future.
